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1. Introduction 

The ceramic boron carbide (B4C) has a rhomboahedral crystal structure, with icosahedra of either 

B11C or B12 located at each corner, connected to each other through C-B-C- intericosahedral 

chains.  While B11C is more common, the replacement of the B11C icosahedra with the B12 

icosahedra causes uncertainty in the stoichiometry of B4C.  It is possible for B4C to exist as B4C 

or B13C3, i.e., to have a carbon content ranging from ~9 atomic percent (at%) to 20 at% (1).  

With a Knoop hardness (HK) of 2800 kg/mm
2
 at a load of 0.1 kgf (0.98 N), B4C is the third 

hardest material in the world, softer than only cubic boron nitride and diamond (2, 3).  This and 

its low theoretical density of 2.52 g/cm
3
 make it a suitable ceramic for armor (4). 

The B4C used for body armor is normally consolidated by hot-pressing (HP).  HP B4C has a 

density near to the theoretical density; however, HP is slow, and products can be molded into 

only simple shapes. HP B4C is normally machined into its proper shape, a costly and inefficient 

process.  Recently, B4C has been pressurelessly sintered without pressure using several different 

additives to increase densification.  These additives, however, have a detrimental effect on the 

mechanical properties of B4C (1).  Even with the additives, pressureless sintered B4C can still 

have a high porosity—another factor inhibiting its mechanical performance.  For example, the 

most common additive, free carbon (graphite), increases densification up to 98% of the 

theoretical density (5) (2.47 g/cm
3
).  However, its softness and inhomogeneous distributions 

lower the hardness of the B4C in areas with a high concentration of graphite. 

The purpose of this research is to determine the feasibility of substituting pressureless sintered 

B4C with graphite additives for HP of the same material for use in armor.  If the pressureless 

sintered B4C demonstrates comparable performance, then the reduced cost of sintering, 

machining, and processing, as well as the time spent on each step, may justify such a 

substitution.  This study characterizes pressureless sintered B4C with graphite additives and 

compares the results to the literature values for HP B4C. 

2. Experimental/Calculations 

This study evaluated pressureless sintered B4C samples with graphite additions, which have been 

manufactured in Spain into two shapes:  hexagonal and plate.  Both shapes are characterized in 

this study to be compared with the literature values. 

Specimen densities of both hexagonal and plate samples were determined using the Archimedes 

method.  The dry mass, wet mass, and suspended wet mass were measured using a Mettler 

Toledo Deller Range AX250 scale.  Specimens were placed into a vacuum chamber for 45 min 
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then submerged in water for 1 h before the wet and suspended wet mass measurements were 

taken.  The apparent density was calculated according to the equation 

    
  

      
 , (1) 

 

where ρa is the apparent density, DM is the dry mass, and SWM is the suspended wet mass.  

The surfaces of the B4C samples were characterized under a scanning electron microscope 

(SEM) (FEI Nova NanoSEM 600).  Elemental maps of the locations of elements present were 

determined by energy-dispersive spectroscopy (EDS).  Elemental spectra and qualitative values 

of elemental content were also obtained.  X-ray diffraction (XRD; Siemens 05005) was used to 

determine the phases present. 

Grain boundary size was measured using the Heyn method (lineal intercept procedure) as 

outlined in section 11 of the ASTM  E 112 (6) standard.  The ASTM grain size number n was 

calculated according to ASTM  E 112, equation 2a. 

The flexural strength of the plate sample was tested at a room temperature of 25 °C using  

four-point flexure testing on 52 samples machined (Bomas Machine Specialties, Inc., 

Somerville, MA) to dimensions of 3 × 4 × 48 mm.  The specimens were loaded into a load frame 

(Instron 5500R Model) with a lower support span of L = 40 mm and an upper support span of  

U = 20 mm. Specimens were loaded at a rate of 0.5 mm/min, and the break force P was recorded 

to six significant figures, as reported by the software (Bluehill).  To ensure the greatest accuracy, 

the width B and thickness D of each specimen were measured at three points along the length of 

the sample and averaged.  The average width and thickness of each specimen were used in the 

calculation of the respective specimen’s strength.  The strength of each individual sample was 

calculated according to the equation 

    
   

    
  , (2) 

where S is the strength of the material, P is the break force in N, L is the outer support span in 

millimeters, B is the specimen width in millimeters, and D is the specimen thickness in 

millimeters (7).  The values for the strength of each sample were then averaged to approximate 

the strength of the material.  All tests were completed according to ASTM C 1161 (7).  The 

flexural strength of the hexagonal specimen was not measured because of sample size 

limitations. 

Samples were cold-mounted (Buehler Epoease Epoxy Mounting System) in 0.25-in (0.64-cm) 

silicone molds and left to harden for 8 h.  They were then polished (Struers RotoPo-31 with 

RotoForce 4 attachment) using water-based diamond suspensions (Metadi Diamond suspensions) 

of decreasing size:  45, 15, 9, 6, 3, 1, and 0.25 µm.  Subsequent to polishing, the samples were 

subjected to Knoop microindentation (Instron Wilson Tukon 2100 Version 95.42).  The loads of 
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the indents were applied for increments of 13 s and steadily increased in the order 0.1, 0.3, 0.5, 

1.0, 2.5 kg.  The software (Minuteman) reported HK in terms of kg/mm
2
, so no calculations were 

necessary.  Ten indents which meet the criteria for “acceptable” in the ASTM were taken.  The 

HK of each indent was recorded and averaged to approximate the HK of the material at each 

load.  The data was plotted in a load-HK curve. 

3. Results 

The dry mass, wet mass, and suspended wet mass of the plate and hexagonal samples were 

10.902, 11.088, and 6.355 g and 17.325, 17.427, and 10.052 g, respectively.  Using these values 

in equation 1, we calculated the density of the plate sample to be 2.40 g/cm
3
 and the hexagonal 

sample to be 2.38 g/cm
3
. 

SEM revealed both high porosity and graphite content in both samples.  In figure 1, the 

imperfections on the surface were analyzed by EDS to be almost pure carbon.  Further EDS 

analysis showed this graphite to account for a significant amount of the carbon content.  Table 1 

summarizes the qualitative characterization of the surface of the B4C samples.  

 

 

Figure 1.  SEM image of a plate surface (polished 0.25 µm).
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Table 1.  EDS characterization of the samples. 

Element 
Plate Wt 

% 

Plate 

At% 

Hex. 

Wt% 

Hex. 

At% 

B 76.74 78.60 75.61 77.51 

C 23.08 21.28 24.33 22.45 

O 0.18 0.13 0.06 0.04 

 

XRD spectra showed the phases present to be solely B4C, proving the samples’ purity. This data 

is represented by the XRD graph in figure 2. 

 

 

Figure 2.  XRD results. 

The ASTM grain size numbers of the plate sample and the hexagonal sample were calculated to 

be ~15 and 14, respectively 

Four-point flexure testing yielded an average strength of 295 ± 38 MPa.  The 52 individual 

strengths are represented in a scatter plot figure 3, with the error bars representing the standard 

deviation (38).  The strongest specimen had a break force of –440.4 N, and the weakest specimen 

had a break force of –253.6 N.  SEM micrographs revealed pores, one of which is shown in  

figure 4, at the initiation site of the fractures.  The mode of fracture was transgranular, indicating 

a strong grain boundary. 
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Figure 3.  Strength scatter plot. 

 

 

Figure 4.  SEM of pore in the weakest sample. 

Both samples had approximately the same HK values within experimental error.  The load-HK 

plot is shown in figure 4.  The HK of the plate sample at a 1-kgf (9.8 N) load was 2051 ± 182.2 

kg/mm
2
.  The HK of the hexagonal at the same load was 2187 ± 78.25 kg/mm

2
.  As seen in 

figure 5, HK decreases as the load increases.  The error bars in this figure represent the standard 

deviation.  Above loads of 2.5 kgf, several indentations would strike a pore and cause laceration 

and cracking.
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Figure 5.  Load-HK curve. 

4. Discussion 

As mentioned in the introduction, the theoretical density of B4C is 2.52 g/cm
3
.  The measured 

densities of the B4C hexagonal and plate samples were 95.2% and 94.4% of the theoretical 

density, respectively.  These values indicate a high densification; HP is normally required for 

densities above 95% of the theoretical density (1).  Despite this high densification, however, 

porosity is still observed under the SEM, and because the porosity had a detrimental effect on the 

mechanical properties of the samples, it is questionable as to whether this material can be used as 

an armor material. 

SEM imaging revealed large chunks of graphite distributed throughout the material.  An effect of 

this graphite is seen in the high standard deviation in the HK test.  Since the graphite is 

inhomogenously distributed, certain areas will have more graphite than others.  As graphite is 

softer than B4C, the HK measured in these areas is smaller.  Areas with moderate amounts of 

graphite have a higher HK, and areas with little graphite have the highest HK values.  This 

difference makes the HK of an area of the material unpredictable.  EDS results are normal within 

experimental error; variations in carbon could be due to graphite or surface contamination, and 

the negligible amounts of oxygen detected are most likely due to oxidation. 

The average flexural strength of HP B4C is 480 ± 40 MPa (8).  The significant difference 

between this value and the strength of the plate sample is most likely caused by the high 

porosity; pores were determined to be the nucleation site of the fracture of two flexure samples, 

the sample that fractured at the highest load and the one at the lowest load.
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Despite the high standard deviation in the HK test, the average HK values of the samples were 

high.  The values of the plate and hexagonal samples compared to the value of HP B4C at 100% 

theoretical density, which is 2019.9 ± 60.2 kg/mm
2
 at 1 kgf (9.8 N) (8). 

5. Summary and Conclusions 

Whether pressureless sintered B4C can be a substitute for HP B4C for armor applications remains 

undetermined.  This study’s specimens’ low density and high hardness certainly show potential; 

however, their high porosity and graphite content have too detrimental an effect on the 

mechanical properties (such as strength) for the lowered cost and time of manufacturing to be 

justified.  If the densification can be increased, then substitution is plausible.  Ballistic testing of 

the pressureless sintered samples is necessary to conclusively determine the feasibility of the 

substitution.  Table 2 summarizes the mechanical properties evaluated in this study. 

Table 2.  Summary of the mechanical properties evaluated in this 

study. 

Sample ρ  

(g/cm
3
) 

Strength 

(MPa) 

HK  

(9.8 N; kg/mm
2
) 

Hex 2.38 — 2187 ± 78.25 

Plate 2.40 295 ± 38 2051 ± 182.2 

HP Lit. 2.52 480 ± 40 2019.9 ± 60.2 
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